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Conductance-voltage characteristics of epitaxial interfaces
between oxide ferromagnets and oxide superconductors have
been measured as a function of temperature and magnetic
field. Their functional form is similar to that predicted by
theories of transport across nearly transparent contacts be-
tween highly spin-polarized ferromagnets and d-wave super-
conductors. However, their magnetic field dependencies scale
in striking and unusual ways, challenging our current un-
derstanding. Existing theories fail to account for apparent
nonequilibium effects that are natural for spin injection in
such geometries.
PACS numbers: 72.25.-b, 72.25.Rb, 74.80.Dm, 72.25.Mk
The half-metallicity of the alkaline earth doped lan-
thanum manganites leads to their charge carriers be-
ing spin-polarized [1]. This, together with the epitax-
ial compatibility of these oxide ferromagnets and ox-
ide superconductors [2], has led to the use of such het-
erostructures for the study of spin injection [3] in the
cuprates [4–6,8,9]. This has motivated a number of the-
oretical papers [10–15], most of which describe interfaces
of varying transparency exhibiting suppression of An-
dreev reflection, but except for Refs. [14] and [15] do
not consider nonequilibrium effects. In this Letter we
report on conductance-voltage characteristics, G(V), of
cuprate/manganite heterostructures, with no buffer layer
between the cuprate and manganite. The geometry is
arranged so that the current density is uniform across
the area of contact between the superconductor and the
ferromagnet. The zero-bias conductance peak (ZBCP)
reported by other groups [17–19] is absent. Furthermore,
as a function of temperature and magnetic field, strik-
ing and unusual scaling of the data at low bias is found.
This observation puts a serious constraint on any theory,
and conversely, a theory that explains all the features
of the data might allow for the intriguing possibility of
gap spectroscopy of superconductors using such struc-
tures. A complete description would have to account for
nonequilibrium effects of spin injection on the underlying
superconductor.
Epitaxial heterostructures consisting of c-axis ori-
ented DyBa2Cu3O7−δ (DBCO, 50 nm thick) and
La2/3Ba1/3MnO3 (LBMO, 40 nm thick) capped with Au
(50 nm thick) were grown in situ on epitaxially pol-
ished SrTiO3 substrates using ozone-assisted molecular
beam epitaxy in the block-by-block mode [20,21]. The
as-grown buried DBCO layer was not superconducting,
necessitating an oxygen annealing step, which took a few
days. The superconducting transition temperatures (Tc)
of the DBCO layers were all about 70 K, a consequence
of their being underdoped. The interfaces were of high
quality, with cross-sectional transmission electron mi-
croscopy demonstrating heteroepitaxy of the layers over
semi-macroscopic distances, and in situ RHEED studies
carried out during growth suggesting very abrupt transi-
tions between layers.
The Au and LBMO were patterned into rectangles 10
µm wide, with varying lengths, on a 10 µm wide strip
of the underlying DBCO film (Fig.1). Electrical leads
were patterned for vertical four-terminal measurements
of G(V ) through each structure. The Au layer provided
an equipotential surface, and forced the current to tra-
verse the numerous interfaces in a vertical direction (par-
allel to the c-axis). During such measurements, no cur-
rent flowed in the plane of the manganite layer. Addi-
tional leads permitted simultaneous four-terminal mea-
surements of the superconducting layer.
Figure 2 shows plots of G(V), at several temperatures
of a structure, 10 µm × 20 µm in area. Not shown is
the voltage-independent conductance observed above Tc.
There are several features of these curves, which should
be noted: below Tc a zero-bias conductance peak ap-
pears. As the temperature is reduced, this transforms
into a plateau, and then into a ”vee”-shaped dip, which
deepens with decreasing temperature. The maxima in
G(V) at ±40 mV found at low temperatures are followed
by a rapid fall off, while for a 10 µm × 10 µm structure,
they occurs at about ±80 mV. These features cannot
be associated with the superconducting gap amplitude
as their value would be unphysically large for an under-
doped film. In fact, the observed maxima actually mark
the beginning of the demise of superconductivity due to
current injection. At 2 K, the underlying DBCO strip
is driven normal by an injection current through the fer-
romagnet of about 66 mA, while 86 mA is required if
injection is in the plane. Control experiments in which
the manganite was replaced by either Au or LaNiO3 films
in similar geometries and with the same resistances show
no nonlinear effects in G(V) at similar current densities.
This supports the view that the effects are not a conse-
quence of heating and are due to spin rather than charge
injection [5,6]. Estimates of power dissipation under in-
jection conditions suggest a temperature rise of at most
1
1 K, which is also not sufficient to account for the obser-
vations. The inset shows a monotonous increase in the
zero-bias resistance of the trilayer on cooling below Tc,
contrary to what one would expect for resistance at grain
boundaries in the manganite [7].
The magnetic field dependences of G(V), at temper-
atures from 2 K to 70 K are shown in Fig.3. The field
is applied in the plane of the cuprate/manganite inter-
face. The qualitative effect of increasing field is similar
to that of increasing temperature. This is dramatically
borne out by the inset. Similar results were reported in
our earlier work on geometries in which the current den-
sity was not uniform [5]. There is a small asymmetry in
the G(V) which grows with increasing magnetic field and
decreasing temperature. [G(V+) - G(V-)]/G(V) is less
than 5% at 12 T and 2 K.
Notable by its absence at low temperatures is the zero-
bias conductance peak (ZBCP) that has been reported
in other experiments [18,19]. This peak is usually at-
tributed to sub-gap Andreev bound states, which occur
for tunneling in the a-b directions (maximally along (110)
directions) into a cuprate superconductor, because of the
change of sign in the d- wave order parameter on rotation
by an angle of pi/2 in the a-b plane [17]. The present epi-
taxial c-axis oriented films are relatively free of such a-b
facets at the cuprate/manganite interface. For spin po-
larized injection in this geometry, the effective gap is an
angular average over all directions, and this suppresses
the ZBCP. Also, for an interface with high transparency,
one would expect the ZBCP to disappear.
A very striking and unusual feature of the data is
shown in Fig. 4, where we have plotted G(V,H)/G(0,H)
for different values of H at a fixed temperature. All
curves in various magnetic fields collapse onto a single
curve at a fixed temperature. This works at each tem-
perature, but with a functional form that is different
in detail. The difference may be due to an increase of
the quasiparticle population in the superconductor with
temperature, and/or a change in the spin polarization
of carriers in the manganite [22]. This collapse at low
bias has been observed in all devices measured, at all
fields and temperatures where a minimum in G(V ) is
clearly seen. This implies that at low bias voltages,
G(V,H,T)=h(H,T)g(V,T). At a fixed temperature, the
collapsed curve is essentially g(V,T). The field depen-
dent prefactor, normalized by its value at zero field, i.e.
h(H,T)/h(0,T), is shown in Fig. 5. At the lowest tem-
peratures of 2 K and 10 K, it is fit very well by a straight
line. In fact, the 2 K and 10 K data lie nearly on top
of each other. At higher temperatures, though still very
close to linear, h(H,T) deviates slightly from the straight
line fit at 2K. This kind of collapse is also suggested by
the data of Sawa et al. at high bias voltages [18], al-
though at low bias it is obscured by the ZBCP. In our
data we also observe that plots G(0, T )/G(0, T = 2K)
at all applied magnetic fields, seem to have very similar
temperature dependences (see Fig. 5, inset).
We note that the zero-bias conductance G(0) increases
by about a factor of two when temperature is increased
from 2 K to 10 K, keeping the magnetic field fixed. Cor-
respondingly, on increasing the magnetic field up to 12 T
and keeping the temperature fixed, the zero-bias conduc-
tance again increases by a factor of about two. Consid-
ering that µB∆H ≈ kB∆T for ∆H =12 T and ∆T = 8
K, one might conclude that the measurements are prob-
ing the density of states near the nodes [11] of a d-wave
like gap, with the increase in conductance correspond-
ing to an increase in the number of accessible states.
If there is suppression of Andreev reflection at the fer-
romagnet/superconductor interface, then G(V) probes
the density of states of the superconductor [11]. Mo-
tivated by this, and presuming a small barrier at the
cuprate/manganite interface, we have calculated temper-
ature and magnetic field dependence for the conductance-
voltage curves at the interface between a half-metallic
ferromagnet and a d-wave superconductor using a simple
tunneling expression [16]
I(V ) ∼
∫ ∞
−∞
νfmνs(E + µH){f(E + eV )− f(E)}dE.
(1)
Here the density of states for quasiparticles in a d-wave
superconductor νs(E) ∼ νn(E/∆o), ∆o is the gap am-
plitude, f is the Fermi function, and νn is the density
of states at the Fermi energy of the superconductor in
the normal state. The density of states in the ferromag-
net νfm(E) is assumed constant. Applying a magnetic
field enhances the density of states for quasiparticles of
one spin species at the expense of the other, enhancing
conductance for carriers of the predominant spin across
the interface. We plot G(V ) = dI/dV as a function of
applied magnetic field and temperature at low applied
bias (Fig. 6). G(V) increases linearly as a function of
H at all bias voltages. This suggests that the spin po-
larization of carriers plays a role in the enhancement of
conductance in the experiment. The calculated increase
in G(0) is the same when T increases from 2 K to 10 K
with H = 0, and when H increases from 0 T to 12 T at
T = 2 K, which is by a factor of about five. This in-
crease is greater, though of the same order of magnitude
as that seen in the experiment. However, the scaling
of the experimental data indicates that the application
of magnetic field has a multiplicative effect on the con-
ductance, with the increase being greater at higher bias
voltages. This leads us to believe that the explanation of
this phenomenon involves physics different from that of
our simple argument.
In choosing to ensure that currents flowed vertically
through the structure, we added a gold overlayer. This
compromised our ability to make true four terminal mea-
surements of the cuprate/manganite interface, as the re-
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sultant gold/manganite series resistance cannot be sub-
tracted in any systematic fashion. The 10 µm × 20 µm
gold/manganite/cuprate trilayer structure has a zero-
bias resistance of about 1.46 Ω at 10 K. From other
measurements, the gold/manganite interface resistance is
known to be ohmic. Assuming that the linear field depen-
dence of G(V,H) occurs due to the cuprate/manganite
interface, the field independent ohmic part of the trilayer
resistance can be extracted from the data near zero-bias,
and is about 0.06 Ω at 10 K. The gold/manganite in-
terface resistance is presumably a fraction of this value.
At higher injection currents where the trilayer resis-
tance (V/I) is about 0.5 Ω, the contact resistance of
the gold/manganite interface is a greater fraction of
the total resistance, and the actual voltage across the
cuprate/manganite interface near the peaks in G(V) may
be significantly smaller than the measured voltage.
Given the values of specific interface resistances
(gold/manganite + manganite/cuprate), which were of
order 10−6 Ω − cm2, the interfaces are highly transpar-
ent, but certainly not ballistic. Thus the striking voltage
dependence of G(V) at low bias, although reminiscent
of suppressed Andreev reflection [10–12], cannot be ex-
plained by that alone. Furthermore, injection of spin-
polarized quasiparticles into a superconductor creates a
steady-state spin imbalance analogous to the spin imbal-
ance created by the application of a magnetic field due
to Zeeman splitting of the spin energies [13]. This leads
to a suppression of the superconducting order parameter
near the manganite/cuprate interface. Also, the voltage
drop due to injection of these spin-polarized quasipar-
ticles would then occur over a characteristic relaxation
length in the superconductor, and not abruptly at the
interface (as in the case of tunneling). If this relaxation
length is sufficiently large in the cuprate, the measured
voltage would not be the spectroscopic voltage of the in-
terface. Thus, the absence of any signatures of the coher-
ence peak in G(V) may be because the superconductor
near the boundary is driven normal before the voltage
across the manganite/cuprate interface reaches a value
corresponding to the gap amplitude. This situation is
not part of any of the theories as the pair potential is
assumed to be constant as a function of distance from
the interface, and independent of current.
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FIG. 1. Device geometry for vertical spin injection. I2/V2
and I3/V3 are used to measure the LBMO/DBCO interface,
while I1/V1 and I3/V3 are used to characterize the DBCO.
FIG. 2. G(V ) for a Au/LBMO/DBCO heterostructure, of
area 10µm × 20µm. The curves show a conductance peak
at the highest temperature. At low temperature, the G(V )
data are rounded at low bias, tending to two arms of a ‘vee’
shape at higher bias, before falling abruptly as the underlying
superconductor is quenched. The inset shows the zero bias
conductance of the trilayer as a function of temperature.
FIG. 3. G(V ) in magnetic fields applied parallel to the
plane for a 10 µm × 20 µm device at 10 K. The inset shows
data at 65 K.
FIG. 4. Conductance data at 10 K normalized by the zero
bias conductance at each magnetic field, plotted vs.voltage for
the 10 µm × 20 µm device. The data collapse onto a single
curve at low bias for all applied magnetic fields up to 12 T.
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FIG. 5. G(0) for the 10 µm × 20 µm device plotted vs.
magnetic field H applied parallel to the plane, at different
temperatures. The data are normalized to the conductance
at H = 0. A straight line is fit to the data at 2K as a guide to
the eye. The inset shows G(0) plotted as a function of temper-
ature at different values of magnetic field. The data at each
magnetic field are normalized to the value of the conductance
at T = 2 K.
FIG. 6. G(V ) calculated using density of states form from
Eq. 1. for spin injection from a half-metallic ferromagnet.
The change in conductance on applying magnetic field from
0 T to 12 T at 2 K is compared to the change caused by
increasing the temperature from 2 K to 10 K at 0 T(inset).
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